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Abstract 
With increasing pressure to provide environmentally responsible infrastructure products and services, 
stakeholders are putting significant foci on the early identification of financial viability and outcome of 
infrastructure projects. Traditionally, there has been an imbalance between sustainable measures and 
project budget. On one hand, the industry tends to employ the first-cost mentality and approach to 
developing infrastructure projects. On the other, environmental experts and technology innovators 
often push for the ultimately green products and systems without much of a concern for cost. This 
situation is being quickly changed as the industry is under pressure to continue to return profit, while 
better adapting to current and emerging global issues of sustainability. For the infrastructure sector to 
contribute to sustainable development, it will need to increase value and efficiency. Thus, there is a 
great need for tools that will enable decision makers evaluate competing initiatives and identify the 
most sustainable approaches to procuring infrastructure projects. In order to ensure that these 
objectives are achieved, the concept of life-cycle costing analysis (LCCA) will play significant roles in 
the economics of an infrastructure project. Recently, a few research initiatives have applied the LCCA 
models for road infrastructure that focused on the traditional economics of a project. There is little 
coverage of life-cycle costing as a method to evaluate the criteria and assess the economic 
implications of pursuing sustainability in road infrastructure projects. To rectify this problem, this paper 
reviews the theoretical basis of previous LCCA models before discussing their inability to determinate 
the sustainability indicators in road infrastructure project. It then introduces an on-going research 
aimed at developing a new model to integrate the various new cost elements based on the 
sustainability indicators with the traditional and proven LCCA approach. It is expected that the 
research will generate a working model for sustainability based life-cycle cost analysis. 
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Introduction 
The current economy crisis is a global issue with every country thinking about how to 
secure finance and maintain economic growth. In Australia, the federal government is 
considering financial packages to continue to stimulate spending across industry 
sectors. According to BTCE (2008), the government is still funding significant 
proportions on infrastructure development for distributing essential public services, 
maintaining life quality, and easing the pressure on the already highly crowded urban 
environments. It has announced a one-off budget expenditure of $307.5 million to 
accelerate local road improvements (BTCE, 2008). 
 
In addition, funding allocation for infrastructure development is also making societal 
investments that are in synchronization with the natural environment, social and 
financially sustainable over a long horizon. According to the Northern Economic 
Triangle Infrastructure Plan (2007), Queensland state government in Australia will 
invest over 82 billion Australian dollars in the next 20 years, covering large scale of 
infrastructure projects. Large projects which are over 1 billion dollars in value each 
will take up almost 20 billion dollars in that 82 billion as a whole. To accompany this 
expenditure, government agencies, practitioners and researchers have shown 
enthusiasm in developing concepts, criteria, assessment tools, and 
recommendations and policies to make infrastructure more sustainable (Dasgupta 
and Tam, 2005; Sahely et al., 2005; Ugwu et al., 2006a, 2006b). It is commonly 
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agreed that the improvement of sustainability aspects in infrastructure plays an 
important role in sustaining the society, the economy and the environment.   
 
While sustainability is being highlighted in road infrastructure projects, the financial 
constraint is still one of the prime concerns to many owners, developers and 
operators because of the huge capital investment involved. Thus, the decision 
making on costs throughout the life cycle of road infrastructure becomes an essential 
part of the development process. A number of tools are being used in this regard. 
According to List (2007), life-cycle cost analysis (LCCA) helps to ensure that these 
objectives are achieved. LCCA makes it possible for decision makers to evaluate 
competing initiatives and identify the most sustainable growth path for the common 
infrastructure.  
 
Current research on life cycle costing methods has mainly focused on buildings and 
infrastructures (Aye et al., 2000; List, 2007). Moreover these research initiatives often 
reflect only the traditional view of life-cycle costing which focuses on the pure 
economics of a construction project. There is noticeably poor coverage on the 
application of life-cycle costing methods towards the economic view of sustainability 
for construction projects.  
 
Because of these reasons, combining sustainability concepts with appropriate LCCA 
approach for road infrastructure project evaluation and assessment will be a new 
challenge that will make a big difference, given the sheer scale of these projects and 
significant funding involved. Recognizing such a need, the authors are developing a 
new LCCA model to help stakeholders make decisions that will balance financial 
viability and sustainable deliverables. 
 
To date this paper tends to present a preliminary LCCA model developed based on 
the extensive literature review. In devising the preliminary model, the limitation on 
existing LCCA models and various cost components in road infrastructure projects 
will be identified to fill the gap of knowledge in LCCA. 
 
Life-Cycle Costing Analysis (LCCA) and Its Applications for Road 
Infrastructure 
With increasing pressure on market share and internal growth, construction 
organizations have realized that the selection of the lowest initial cost option may not 
guarantee the economical advantage over other options. Some of these 
organisations have referred to LCCA for the long term economical evaluation of the 
project scenarios they have to face. LCCA seeks to optimize the cost of acquiring, 
owning and operating physical assets over their useful lives by attempting to identify 
and quantify all the significant costs involved in that life, using the present value 
technique (Woodward, 1997) 
 
Several definitions of Life-Cycle Costing (LCC) exist. As useful as any and shorter 
than most, is the one according to White and Ostwald (1976), “The life-cycle cost of 
an item is the sum of all funds expended in support of the item from its conception 
and fabrication through its operation to the end of its useful life.”  
 
Abraham and Dickson (1998) believe that life cycle costing studies show that the cost 
of owning and operating a system (ownership cost) can be quite significant and may 
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often exceed acquisition costs. Thus, decisions based solely on acquisition cost may 
not turn out to be the best selection in the long term and this method can be 
effectively utilized to realize the benefits of long-term cost implications of sustainable 
development in infrastructure projects. Other literatures focus more on the 
conventional aspect of LCCA. Fuller and Petersen (1996) define LCC as the total 
discounted dollar cost of owning, operating, maintaining, and disposing of a building 
or a building system over a period of time. Furthermore, they define LCCA as an 
economic evaluation technique that determines the total cost of owning and 
operating a facility over its assumed life. Woodward (1997) identified six elements of 
LCCA:  
1) initial capital costs;  
2) life of the infrastructure;  
3) the discount rate;  
4) operating and maintenance costs;  
5) information and feedback; and  
6) uncertainty and sensitivity analysis.  
 
Likewise, the Royal Institution of Chartered Surveyors (RICS) defines the life cycle 
cost of an asset as the present value of the total cost of that asset over its operating 
life (including initial capital cost, occupation costs, operating costs and the cost or 
benefit of the eventual disposal of the asset at the end of its life). 
 
The US Federal Highway Administration (FHWA) plays a major role in the research 
on life-cycle cost analysis (LCCA). It issues guidelines about how life-cycle cost 
analyses should be conducted, especially for feasibility studies on pavements. Other 
groups and individuals address the related topics life-cycle cost analysis on highway 
project (as illustrated by FHWA 2002, Walls and Smith 1998, Hawk 2003, Hegazy et 
al. 2004, and Persad and Bansal 2004). There are also research on comparisons 
between benefit-cost analysis and life-cycle cost analysis (Lee, 2002), assessments 
of the state-of-the-practice in the use of these tools (Ozbay, et al. 2004), and ideas 
about how uncertainty should be introduced, as in Tighe et al. (2001). 
 
For the time being, Brilon (2000) proposes a comprehensive, economically based 
procedure for making decisions about capacity investment. Brilon suggests 
performing a ‘whole year analysis’ on the facility’s use so that the economic benefits 
from the capacity investments can be assessed. This same idea is adopted by 
Higgins et al. (2003) in an assessment of the level-of-service and delay performance 
of a freeway segment. Kittelson et al. (2004) incorporated these ideas into the 
guidance given to traffic engineers for assessing the benefits from marginal 
investments in highway capacity. However, these previous research did not cover 
sustainability aspects in order to consider the whole economic benefits for 
stakeholders. 
 
Recently, sustainable development has added a new dimension to the evaluation of 
highway investments. It places an emphasis on analysing the entire life of a facility, 
from an environmental as well as an economic perspective (List, 2007). Keoleian et 
al. (2005) discussed an integrated approach to life cycle cost assessment when 
evaluating infrastructure sustainability, and compared alternative materials and 
designs using environmental, economic and social indicators. Despite an increasing 
enthusiasm on LCC in the sustainable context, there is still a gap between theoretical 
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concepts and real-life practice, as companies have not adopted LCCAs for 
infrastructure delivery. A few previous research efforts have noted the importance of 
external costs as a result of environmental and other impact, but they did not account 
for them in calculating life-cycle costs therefore no further applications have been 
reported. 
 
Current LCCA model and program in road infrastructure 
Over the past few decades, various agencies and institutions have developed 
methodologies for life cycle cost analysis, particularly on road pavement projects. 
Some of these organizations have gone a step further to develop computer programs 
for their LCCA methodologies to facilitate the analysis. Organizations that have 
supported the development of LCCA for pavement design and management include 
institutions, state governments, construction organizations and some universities. 
However, these methodologies and programs have not been reviewed in lieu of the 
dynamic changes in the construction sectors. 
 
Several LCCA programs and methodologies developed by institutions in the last 
decades. Since 1960, Texas Transportation Institute and the Center for Highway 
Research developed both flexible pavement system and rigid pavement system 
(Wilde et al., 1997). Both computer systems make use of performance models to 
determine the level of pavement distress in the pavement at various points in time. 
Moreover, the World Bank also developed the Highway Design and Maintenance 
Standards Model (HDM-III) computer program for evaluating highway projects, 
standards, and programs in developing countries (Harral and Faiz, 1979). In early 
90s, the Pavement Life Cycle Cost Analysis Package (LCCOST) was developed by 
the Asphalt Institute. It calculates pavement life-cycle costs incurred over a selected 
analysis period of up to 50 years.  
 
Meanwhile, several state governments in the United States also considered the 
development of LCCA model and methodologies to minimize expenditure for road 
infrastructure development throughout the lifecycle. In California, the state 
government developed a California Life-Cycle Benefit/Cost (Cal-B/C) Analysis Model 
that offers a simple and practical method for preparing economic evaluations on 
prospective highway and transit improvement projects within the State of California. 
The model is capable of handling several general highway construction types, such 
as lane additions, and more specific projects, such as HOV lanes, passing/truck 
climbing lanes, or intersections. In addition, the Pavement Rehabilitation Life-Cycle 
Economic Analysis (PRLEAM) was developed by the Ministry of Transportation of 
Ontario and the University of Waterloo in 1991. The immediate objective of this 
software was to meet the needs of the Ministry for evaluating life-cycle costs for 
pavement rehabilitation and maintenance. It can evaluate up to three rehabilitation 
alternatives, each having up to six treatment cycles. 
 
In academia, several research efforts should be noted. Since 1987, the University of 
Maryland developed a set of lifecycle cost analysis programs that analyse flexible 
and rigid pavements (Rada and Witczak, 1987; Witczak and Mirza, 1992). These 
programs incorporate user operating costs associated with pavement roughness 
among others. These programs were also intended for project-level analysis but are 
considered better suited for use in pavement management on a network level. Hall et 
al. (1989) was developed a computer program called EXPEAR under University of 
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Illinois and FHWA Project. The program performs project level evaluation and utilizes 
data obtained through visual condition surveys. The program recommends 
rehabilitation techniques that include reconstruction and resurfacing, among others. 
Besides, the University of Texas also developed a new lifecycle cost analysis 
methodology for portland cement concrete pavements that considers all aspects of 
pavement design, construction, maintenance, and user impacts throughout the 
analysis period (Wilde et al., 1997). This research predicts pavement performance 
using state-of-the-art performance models and reliability concepts, from which it 
determines maintenance and rehabilitation needs. Besides, it presents a 
standardized method for considering the agency and user costs associated with 
pavement performance. 
 
 
Limitations of Existing LCCA Model and Software Packages 
Despite the increasing interest, literature view suggests that there are many 
limitations associated with existing LCCA models. One such limitation is the omission 
of user costs in lifecycle cost analysis for road infrastructure projects. User costs are 
costs incurred by the highway user, and include accident costs, delay cost, and 
vehicle operating costs (such as fuel, tires, engine oil, and vehicle maintenance) 
(Singh and Tiong, 2004). Many LCCA methods and software excluded user costs 
and environmental costs obviously because such costs are normally difficult to 
measure and the values related with user costs and environmental costs are often 
disputed. 
 
Another limitation is the lack of consideration for preventive maintenance treatments 
as a criterion in strategy formation. Many LCCA researchers and practitioners argue 
that because preventive maintenance is a relatively “new” preservation strategy for 
pavements, data relating to the long-term benefits are still being collected. At the 
moment, there are only a limited number of models that attempt to quantify the long-
term effectiveness of preventive maintenance treatments, either in the form of 
performance jump or service life extension. Therefore they argue that incorporation 
of preventive maintenance in LCCA models is a challenge. Finally, accounting for the 
uncertainty of input parameters in LCCA is considered complicated, and is therefore 
often ignored.  
 
Traditionally, LCCA models treat input variables as discrete, fixed values where a 
conservative "best guess" of the value of each input parameter is used to compute a 
single deterministic result. A sensitivity analysis is often performed to assess the 
effects of various input parameters on the model results. However, the sensitivity 
analysis does not necessarily reveal areas of uncertainty that may be a critical part of 
the decision making process. In this situation, it is difficult to ascertain which 
alternative has the “true” lowest life-cycle cost (Walls and Smith, 1998). Risk analysis 
is a technique that could be used by LCCA to address the issue of uncertainty and 
could allow the decision-maker to weigh the probability of any particular outcome that 
may occur. 
 
 
The Research Plan 
As many of the previous Life-cycle costing models are impractical and obsolete in 
today’s changing environment, people have called on their replacement by more 
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reliable models, as well as their calibration to specific local conditions (FHWA, 1998). 
This is especially applicable to pavement performance models. Research should be 
undertaken to replace these models and to improve the prediction quality of the 
model.  
 
In addition to replacing existing models, new models should be developed to 
emphasize sustainability aspects that can predict implications of increased air 
pollution, environmental impacts, social impacts, business impacts, noise, overlays 
and other components that will be identified in this research. Therefore, a research 
project is being carried out at QUT to develop a framework and a prototype LCCA 
model that are based on existing LCCA methods and approaches as well as the 
inclusion of sustainability oriented life-cycle cost analyses. Included in this framework 
are models that predict pavement performance, user costs and accident rates at 
work zones, social and environmental aspects and possible rehabilitation designs.  
 
Another planned research element is to automatically calibrate the performance 
models using questionnaire-based survey data. This will seek the verification of 
engineers, consultants, and local authorities on the appropriateness of initial cost 
elements identified from literature and believed to be relevant to sustainability. This 
information will be combined with historical, environmental, and as-built construction 
data, before its incorporation into the prototype LCCA model. On top of extensive 
literature reviews in this research, data collection by questionnaires survey, model 
building approach and case studies will also be used to provide triangulation of 
results on the perceptions of different stakeholders in road infrastructure project 
development.  
 
Sustainability related cost data will be collected and confirmed through 
questionnaires surveys after preliminary model building. The questionnaires are 
being finalised based on the combination of the literature review on contemporary 
LCCA model, preliminary model building, and first probe into relevant sustainability 
issues in road projects. The data collected will be analysed based on statistical 
analysis software such as Microsoft Excel and SPSS. In addition, Analytical 
Hierarchy Process (AHP) approach will be used to determine the relative importance 
between categories of sustainability related cost elements. It will provide a succinct 
set of most important cost elements to be built into the new model, rather than 
grappling with all available information. Data editing and coding, data categorisation 
and statistical analysis will ensure consistency of data and allow meaningful 
interpretation of results. Using these results, a new LCCA model will be developed in 
the context of sustainability foci. The new model will then be evaluated through case 
studies and consultations with experts such as the consulting companies, contractors 
and developers, to reflect their real life scenarios and observations. 
 
The Research Progress to Date 
Progress to date in this research has identified cost elements for road infrastructure 
projects and a preliminary model has been developed from the adaptation of 
traditional models of available LCCA techniques. Based on the literature review, the 
authors identified limitations associated with the use of most existing LCCA models. 
These models tend to exclude social costs and environmental costs obviously due to 
the difficulties of gathering information and measuring the values of such costs. And 
it is noted that both costs are often disputed by many stakeholders. The initial social 
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and environmental cost components have been be identified through literature study 
and are being incorporated into the questionnaire surveys for verification as well as 
further identification of all of the sustainability related cost items. A data base 
containing sample population is also being developed. The researcher are working 
towards expanding adapted traditional LCCA models and rebuilding a new one as 
shown in Figure 1. 
 
 
Figure 1: A New Model for Sustainability Life Cycle Cost Analysis of Road Infrastructure 
 
 
Conclusions 
Research on sustainable development of road infrastructure projects is becoming an 
international highlight, due to increasing public awareness of sustainability and large 
scopes of these projects. To date existing research has mostly focused on the 
environmental issues in isolation. Sustainability assessment tools are particularly 
developed and applied for buildings rather than infrastructure. Few research efforts 
were made to cover the economic and financial implications of developing road 
infrastructure as a result of pursuing sustainability. Despite extensive literature 
coverage on LCCs and some applications in transport areas, the authors have not 
identified practical solutions that will incorporate the necessary sustainability related 
issues and their cost implications to road infrastructure. The sustainability concepts 
are not broadly integrated with the current LCCA in the construction sector, 
particularly for Australian road infrastructure, which is in high demand. The research 
reported in this paper explores sustainability issues in relation to local road 
infrastructure development. It intends to link the impact of these issues with cost 
implications through a new LCCA model for the overall evaluation of financial 
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positions. Based on locally identified sustainability indicators, the developing model 
has the potential to incorporate industry verified cost analysis techniques for 
sustainability measures, thus filling a void between a flurry of theoretical research 
and the lack of appropriate tools among practitioners.  
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